We discuss the possibilities of the simultaneous determination of the neutrino masses and the evolution of dark energy from future cosmological observations such as cosmic microwave background (CMB), large scale structure (LSS) and the cross correlation between them. Recently it has been discussed that there is a degeneracy between the neutrino masses and the equation of state for dark energy. It is also known that there are some degeneracies among the parameters describing the dark energy evolutions. We discuss the implications of these on the cross correlation of CMB with LSS in some details. Then we consider to what extent we can determine the neutrino masses and the dark energy evolution using the expected data from CMB, LSS and their cross correlation.
Introduction
The masses of neutrino has become one of the important targets in cosmology. Although neutrino oscillation experiments have well measured the mass differences as ∆m from atmospheric neutrino experiments [7, 8] , they are insensitive to the absolute value of the neutrino mass. Experiments using kinematical probe such as tritium decay measurements can give an upper bound on the absolute neutrino mass, however cosmology can give more stringent bound. The current bound on the sum of neutrino masses m ν from cosmological observations such as cosmic microwave background (CMB), large scale structure (LSS) and so on ranges from 0.42 to 2.0 eV (95% C.L.) depending on the data sets and the priors used in the analysis [9, 10, 11, 12, 13, 14, 15, 16] .
Another important issue in cosmology is to understand the nature of dark energy. Almost all current cosmological observations suggest that the present universe is dominated by an enigmatic component called dark energy. Although many models for dark energy have been proposed so far, we have not pinned down the model yet. However, parameterizing the dark energy with its equation of state w X , cosmological observations can give the constraints on w X . Assuming w X being constant, the current observations give w X ∼ −1 [9, 11, 17, 18] .
Recently it was shown that the constraint on the neutrino masses from CMB, LSS, type Ia Supernovae (SNeIa) and so on can be weakened if the equation of state for dark energy is allowed to vary and vice versa [19] , which means that there is a degeneracy between the neutrino masses and the equation of state for dark energy. In Ref. [19] , the equation of state for dark energy is assumed to be constant in time, however, most models of dark energy proposed so far have time-varying equation of state. Importantly it should be noticed that there are degeneracies among the time dependence of dark energy equation of state. For example, it was discussed that, for the models with a constant equation of state w X and a time-varying equation of state parametrized as w X = w 0 + (1 − a)w 1 , there is a degeneracy between them in the CMB power spectrum and matter power spectrum [20] . Since now we know that neutrino has a mass and the equation of state for dark energy can have the time dependence, we should take both of them into account when we consider the constraints from observations. However, considering the degeneracies discussed above, we can expect that we encounter unfortunate situations when we want to determine the neutrino masses and the evolution of dark energy simultaneously.
In this paper, we discuss to what extent we can determine the neutrino masses and the evolution of dark energy, i.e., the time dependent equation of state, simultaneously from future cosmological observations. For this purpose, we make use of the Fisher matrix analysis using the expected data from future CMB and LSS observations. In addition to them, we also consider the cross correlation between CMB and LSS, which has been attracting attention of the community in recent years. As is well known, after the universe has been dominated by dark energy, the gravitational potential decays, which drives the so-called late integrated Sachs-Wolfe (ISW) effect. Since time-evolving gravitational potential that drives the ISW effect may also affect large scale structure formation, the temperature fluctuation from the ISW effect and the distribution of galaxy are considered to be correlated [21, 22, 23] . Since there is no ISW effect in the universe dominated by matter, the detection of the cross correlation of the ISW effect with galaxy survey is a piece of physical evidence for the existence of dark energy. The detection of the cross correlation between WMAP temperature fluctuation with several galaxy surveys have been reported in Refs. [24, 25, 26, 27, 28, 29] . Many authors have discussed the cross correlation of CMB with LSS to investigate the properties of dark energy and some other issues [20, 30, 31, 32, 33, 34, 35, 36] . In particular, it was shown that the cross correlation of CMB with galaxy survey can be a good probe for the evolution of dark energy [20] .
The organization of this paper is as follows. In the next section, first we briefly discuss the degeneracy between the neutrino masses and the equation of state for dark energy and also that in models with the time-varying equation of state. Then, in section 3, we discuss the cross correlation of CMB with galaxy survey and its spectra in scenarios with massive neutrino and dark energy with some equation of states. In section 4, we study effects of massive neutrino and dark energy on the suppression of growth of perturbation and the ISW effect and discuss how the masses of neutrino and the equation of state for dark energy can affect the cross correlation spectrum. In section 5, we discuss future constraint on the neutrino masses and the evolution of dark energy from CMB, LSS and the cross correlation of CMB and galaxy survey. We give the summary of this paper in the final section.
Degeneracies in neutrino and dark energy sectors
In this section, we briefly discuss the degeneracy between the neutrino masses and the equation of state for dark energy w X , which was recently pointed out [19] and also the degeneracy in the parameters which describe the time dependent w X .
First we discuss the degeneracy between the neutrino masses and w X . In Figs. 1 and 2, we show the CMB power spectra and matter power spectra respectively, for the cases with ΛCDM model and a model with massive neutrinos and the dark energy equation of state w X which is not equal to −1. For reference, we also plot the data from WMAP in Fig. 1 and those from SDSS in Fig. 2 . For the ΛCDM model, we take the cosmological parameters as Ω m h 2 = 0.14, Ω b h 2 = 0.023, h = 0.69, τ = 0.116 and n s = 0.97 which give the minimum value of χ 2 from WMAP data in the power-law ΛCDM models. Here Ω i is the energy density for a component i normalized by the critical energy density, h is the Hubble parameter, τ is the reionization optical depth and n s is the scalar spectral index of primordial fluctuation. In this paper, we assume that the tensor mode is negligible. For the model with massive neutrinos and dark energy with w X = −1, we take the cosmological parameters as Ω ν h 2 = 0.01 and w X = −1.5. Here we assume degenerate masses for 3 neutrino flavors and constant w X . The energy density and the masses of neutrinos are related by Ω ν h 2 = mν 93.2eV Although the background evolution depends on w X only, the fluctuation of dark energy depends on both w X and c 2 s . In this paper, we assume that c 2 s = 1, which corresponds to the case with a scalar field dark energy, where c 2 s is defined at the rest frame of the dark energy. As seen from the figure, these two parameter sets give almost the same spectra, which means that the values of χ 2 from CMB and LSS are almost the same. As shown in Ref. [19] , there is a degeneracy between m ν and w X in the direction to the region where w X < −1. This degeneracy can be explained as follows. To fit a model with massive neutrino to large scale structure data, large Ω ν h 2 can be compensated by increasing the energy density of matter. This cancellation seems not to be allowed because, assuming a flat universe and the cosmological constant for dark energy, SNeIa data constrain Ω m to be ∼ 0.3. However allowing the equation of state w X to vary, large values of Ω m are consistent with observations of SNeIa with smaller w X [17] . This gives rise to the degeneracy in the matter power spectrum. As for CMB data, it is known that massive neutrinos affect the structure of acoustic peaks such as the position and the shape [16] . Increasing Ω ν h 2 , the peak position shifts to lower multipoles. However, by decreasing w X , the position of the peak shifts to higher multipoles, which cancels the shift caused by increasing the value of Ω ν h 2 . Although the shape of the peaks is also slightly modified by increasing Ω ν h 2 , by changing other cosmological parameters, we can fit such a model to CMB data well. Thus by varying w X , larger values of Ω ν h 2 become to be allowed by the data. Next we discuss the degeneracy in models with dark energy with time-varying equation of state. As mentioned above, most models of dark energy proposed so far such as quintessence have time-dependent equation of states. Thus when we consider the constraints on the equation of state for dark energy w X phenomenologically, we should accommodate the time evolution of w X in some way. Although several ways have been proposed to include the time dependence of w X , here we assume a simple form as [14, 39, 40] 
In Figs. 1 and 2, the CMB and matter power spectra for the cases with w 0 = −1.2 and w 1 = 0.8 are also plotted. Other cosmological parameters are taken to be the same as those of the ΛCDM model above. As seen from the figure, the degeneracy in the CMB and LSS exists between the models with constant w X and time-varying w X . The degeneracy comes from the fact that both models give almost the same angular diameter distance from last scattering surface which determines the positions of the acoustic peaks in the CMB angular power spectrum. Furthermore, the fluctuation of dark energy is almost irrelevant to the structure of the acoustic peaks, hence they give almost identical power spectrum provided the angular diameter distances from last scattering surface are the same. A possible difference between the models with constant and time dependent w X is the ISW effect which affects the low multipole region. In fact, there is small difference in the region, however, it is not enough to differentiate them due to the cosmic variance in this case.
Since there is a degeneracy between the neutrino masses and the constant equation of state for dark energy, we can expect that the situation becomes much worse when we also consider the time dependent dark energy equation of state. However, the possibility of differentiating the models with constant and time dependent w X using the cross correlation of CMB with LSS has been discussed [20] . Thus we may be able to break these degeneracies using the cross correlation. Before we discuss the future constraints on the masses of neutrino and dark energy evolution from CMB, LSS and their cross correlation, we study the effects of them on the cross correlation of CMB with LSS in the next section.
Cross correlation of CMB with galaxy
In this section, first we briefly review the formulation of the cross correlation of CMB with galaxy following Ref. [30] . Detailed descriptions of this issue can be found in Refs. [22, 23, 30] .
The two point correlation function between the ISW signal and galaxy overdensity is defined as 
Figure 2: Matter power spectrum for the same models given in Fig. 1 . The data from SDSS [38] are also plotted.
where the angular brackets represent the ensemble average and cos θ =n 1 ·n 2 . ∆ ISW is the temperature fluctuation from the ISW effect in the directionn 1 which is written as
where η is the conformal time and e −τ (η) is the visibility function. Here a prime denotes the derivative with respect to the conformal time. Φ is the gravitational potential which appears in the metric perturbation in the conformal Newtonian gauge as
Unless otherwise stated, we work in the conformal Newtonian gauge in this paper. δ g (n 2 ) is the overdensity of galaxies in the directionn 2 .
wheren g is the mean number density of galaxies. It is assumed that the galaxy number overdensity traces the density fluctuation of matter as
where b represents the galaxy bias. Thus δ g can be written as
where φ(z) is the selection function of a given galaxy survey. As usual, it is convenient to decompose C ISW−g (θ) with the Legendre polynomials P l (cos θ) as
We subtracted the monopole and dipole contributions by construction. With the above definition, the cross-correlation power spectrum is given by 
12)
where r ≡ η 0 − η. For the later use, we also write down here the galaxy-galaxy correlation function which is given as 14) where indices (i, j) represent the redshift bins for the galaxy selection functions. Now we show the cross correlation spectrum in models introduced in the previous section. We computed the cross correlation spectra using the modified version of CMBFAST [41] . In Fig. 3 , we plot the cross correlation power spectrum for the same models as those in Fig. 1 . Here we use the normalized Gaussian selection function with the peak at redshift z = 0. 35 those in Fig. 1 . In the figure, the scalar amplitudes are normalized to the WMAP best fit values and the bias factors are determined by the fit to SDSS data. As seen from Fig. 3 , although there is the uncertainty of the galaxy bias, we can have a possibility to break the degeneracy discussed in the previous section using the cross correlation between CMB and galaxy. In the next section, we investigate the cross correlation in detail, discussing the suppression of matter fluctuation and the ISW effect in models with massive neutrinos and dark energy with some equation of states.
Suppression of perturbation growth and the ISW effect
In this section, we discuss the effects of massive neutrino and dark energy with some equation of states on the suppression of fluctuation growth and the ISW effect. Then we study the cross correlation spectrum in the models. factor is given in Ref. [42] . In Fig. 4 , we show δ m /a for the model with Ω ν h 2 = 0.01 and w X = −1 as a function of redshift. Other cosmological parameters are taken to be the same as those of the ΛCDM model in Fig. 1 . We can see the suppression of growth of matter fluctuation in models with massive neutrinos. The growth of matter fluctuation is more suppressed increasing the masses of neutrino. To see the ISW effect in the model, we also plot dΦ/dη as a function of redshift in Fig. 5 . As is clear from the figure, massive neutrinos have little effect on the evolution of the gravitational potential. Thus the mass of neutrinos is almost irrelevant to the late ISW effect, which means that we can expect that the neutrino mass has almost little effects on the cross correlation of CMB with LSS except for the overall suppression of matter fluctuation. Notice that, since we do not have much knowledge of the bias factor, we might not see such suppression.
Next we discuss the effects of dark energy on the suppression of fluctuation growth and the ISW effect. First we will discuss the suppression of fluctuation growth. The growth of matter fluctuation can be described by the following equation [43] , including the fluctuation of dark energy 15) where H = a ′ /a is the conformal Hubble parameter, δ X is the density perturbation of dark energy and Ω i (z) = ρ i (z)/ρ total (z) is the energy density of a component i normalized by the total energy density at redshift z.
In Fig. 4 , the fluctuations of matter for the cases with w X = −1.2, −1, −0.8 and w X = −1 + 0.5(1 − a) are shown. The matter fluctuation is more suppressed as increasing the value of w X . This is due to the change of the background evolution by the domination of dark energy. The fluctuation of dark energy also affect the fluctuation of matter via gravity.
Another important effect of dark energy is the late ISW effect. As is well-known, when the universe is dominated by dark energy, the gravitational potential decays, which drives the late time ISW effect. The ISW effect can be written as
In Fig. 5 , the evolutions of Φ ′ as a function of redshift for several values of w X are shown. Increasing the values of w X , the ISW effect is more enhanced at high redshift region, which leads to enhanced cross correlation power spectra #1 . Notice that, at recent epoch, the values of Φ ′ decreases as the values of w X increases. Thus the effects of w X can depend on the values of w X itself and also on the redshift. Now we are in a position to discuss the cross correlation power spectrum for models with massive neutrinos and dark energy with some equation of states. In Fig. 6 , we show the cross correlation power spectra for the cases with the constant equation of states (w X = −0.8, −1 and −1.2) and the time-varying equation of state w X = −1 + 0.5(1 − a). The case with Ω ν h 2 = 0.01 and w X = −1 is also plotted. We use the same galaxy selection function as that used in Fig. 3 . Other cosmological parameters are taken to be the same as those of the ΛCDM model in Fig. 1 . Since the mass of neutrino suppresses the growth of fluctuation, we can see the power spectrum of the cross correlation is also suppressed. Although the growth of matter fluctuation can also be suppressed in the dark energy dominated universe, effects of dark energy also come from the ISW effect. As the equation of state of the dark energy increases, the epoch where the energy density of dark energy dominates the universe becomes earlier than the case with the cosmological constant, which affects the evolution of the gravitational potential more at high redshift. Thus it can produce large ISW signals. However, as mentioned above, the size of the ISW effect also depends on the epoch we consider. Thus the size of the cross correlation power spectrum depends on the values of w X , its time dependence (i.e., w 1 in our parameterization) but also on the selection function.
Future constraints
Now we discuss attainable constraints on neutrino masses and the evolution of dark energy from future experiments of CMB, LSS and the cross correlation between them. We adopt the usual Fisher matrix method [44] for this purpose. The Fisher matrix is defined as
where L is the probability of observing a data set {x 1 , x 2 , ...} for a given cosmological parameter set {λ 1 , λ 2 , ....}. Since there have been many works on the Fisher matrix analysis using future CMB and LSS data, we refer Refs. [45, 46, 47] for the details.
#1 In fact, if we consider a smooth dark energy, the tendency is different. When we assume a smooth dark energy, the effect of dark energy on the ISW effect comes from the modification of the background evolution alone. Thus in this case, increasing w X makes the epoch when the universe begins to accelerate later, then the ISW effect becomes less. 
multipole l Figure 6 : Cross-correlation power spectra for the same models given in Fig. 4 .
As for the cross correlation, here we briefly summarize the formulation following Ref. [20] . To forecast the errors in cosmological parameters, we use the expected CMB data from PLANCK [48] and the expected galaxy survey by Large Synoptic Survey Telescope (LSST) [49] . For PLANCK, we use the experimental specification which can be found in Ref. [50] . For the distribution of galaxies from a given survey, we assume that the total galaxy number is given by [32, 20] , 18) where z n is a parameters which gives a median redshift of the survey. The galaxies can be subdivided into multiple bins as 19) through photometric redshift. To approximate the redshift binning, we assume photometric redshift estimates are Gaussian distributed with the variance of σ(z) = σ max (1 + z)/(1 + z max ) [20] . Then the photometric distributions are given by 20) where erfc is the complementary error function. For the LSST survey, we assume the galaxy survey sky coverage fraction as f sky = 0.5 and 10 photometric bins out to z ∼ 3. The total galaxy number density is assumed to be 70 gal/arcmin 2 . For the CMB-galaxy cross correlation, the Fisher matrix can be written as [20] 21) where the covariance matrix (Cov l ) ISW−g is given by
is the observed spectrum which includes the noisẽ 23) where C represents the summation over channels. σ C and θ FWHM,C are the sensitivity per pixel and the width of the beam of a channel for a given measurement, respectively. T CMB is the temperature of CMB.ω
is the observed auto-correlation which is the sum of the signal and the Poisson noiseω 24) where
is the Poisson noise which is uncorrelated between bins, thus
A is the galaxy number per solid angle in the i-th bin. For the future constraints from CMB and LSS, we followed the method presented in Ref. [50] . Now we discuss attainable constraints from future experiments. As the fiducial model, we take the cosmological parameters as Ω b h 2 = 0.024, Ω m h 2 = 0.14, Ω X = 0.73, τ = 0.166 and n s = 0.99. For the neutrino masses, we take m ν = 0.3 eV with the three degenerate masses. We checked that even if we assume the normal hierarchy with smaller neutrino masses, our conclusion does not change much. For the dark energy equation of state, we take w X = −1 for the constant case and w X = −1 + 0.3(1 − a) for the time dependent case. In Fig. 7 , we plot the expected constraints on the neutrino masses and dark energy equation of state for the cases with the constant and the time dependent w X on the left and right panels respectively. When we obtain the constraints on the Ω ν h 2 vs. w 0 plane, we marginalized over other cosmological parameters. Especially, for the latter case, we also marginalized over w 1 to obtain the constraint. In the figure, 1σ C.L. contours are shown for the future data from CMB only, CMB+cross correlation, CMB+LSS, and all combined. As you can see, for the case with constant w X , the cross correlation observations does not help much to constrain the neutrino masses and dark energy equation of state. However, for the case with the time-evolving dark energy equation of state, the cross correlation can be useful to determine the time evolution of w X . As for the neutrino masses, the constraint on m ν becomes weaker just a little in the case with the time evolving w X . In both cases, the inclusion of LSS data can help to constrain the neutrino masses. As mentioned above, even if we assume the normal hierarchy for the neutrino masses, the shape and the size of the contours scarcely change. In fact, even if we marginalized w 1 , the constraint on the neutrino masses is not so weakened. This means that the time dependence of w X (i.e., w 1 in our parameterization) and m ν are not strongly correlated.
Next we discuss the expected constraints on the dark energy evolutions, i.e., w 0 and w 1 . In Fig. 8 , we plot the future constraints on the time evolution of dark energy, fixing the neutrino masses (left panel) and marginalizing over the neutrino masses (right panel). As we can see, when we marginalize the masses of neutrino, the uncertainty of w 0 and w 1 becomes larger, in particular, in the direction parallel to the w 0 axis. In fact, the constraint on w 1 is not weakened much compared to that on w 0 . As mentioned above, this is because the masses of neutrino and w 1 are not so degenerate, which means that the time dependence of the equation of state for dark energy is not strongly correlated with the neutrino masses. It should also be noticed that the cross correlation of CMB with LSS can help to some extent to determine the evolution of dark energy even when we have uncertainties in the absolute values of the neutrino masses.
Summary
We discussed the simultaneous determination of the neutrino masses and the evolution of dark energy from future cosmological observations. After presenting the degeneracies which exist between the neutrino masses and dark energy sectors, we considered the possibilities of breaking the degeneracies using the cross correlation of CMB and LSS. We studied the cross correlation power spectrum in those models in some details. We also discussed the suppression of perturbation growth and the ISW effect in the models. Then we presented the future constraints on the neutrino masses and the dark energy equation of state from the Fisher matrix analysis using the expected data from CMB, LSS and their cross correlation. First we showed the results on the Ω ν h 2 vs. w 0 plane for the cases with a constant equation of state and a time-varying equation of state. We can see that the cross correlation of CMB with LSS can help to determine the time dependence of the equation of state to some extent. The constraint on the neutrino masses is not affected much since there is not strong correlation between the neutrino masses and w 1 which represents the time dependence of dark energy equation of state in our parameterization. Then we also discussed the constraints on the time evolution of equation of state, fixing and marginalizing the neutrino masses. When we marginalize the neutrino masses, the constraints on w 0 and w 1 are weakened. However, we showed that the cross correlation observation can be useful to determine the time evolution of the equation of state even if we do not have much information on the masses of neutrinos.
